INTRODUCTION {#sec1-1}
============

Children undergoing surgery for congenital heart disease often require cardiorespiratory support in the form of mechanical ventilation, inotropes, and extracorporeal membrane oxygenation (ECMO) after their heart operation. These patients are exposed to cardiopulmonary bypass (CPB), hypothermia, and general anesthetics in the operating room. In addition, these patients can experience hypoxia, hypercarbia, excessive ventilator pressures, and hypothermia after heart operation in the Intensive Care Unit (ICU). Many of these factors taken together or in isolation have the potential to alter intraocular pressure (IOP).\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6]\]

Patients undergoing cardiac surgery are associated with varying cardiovascular physiologies, such as functionally single-ventricle physiology, right ventricle dysfunction, low cardiac output, or pulmonary hypertension that can potentially include elevated central venous pressures (CVPs). The increase in CVP inhibits blood efflux from the intraocular vessels leading to increase in IOP.\[[@ref6]\] A marked increase in IOP can result in reduced optic nerve perfusion, potentially causing disc ischemia and irreversible optic nerve atrophy.\[[@ref7][@ref8]\] Although there is adult literature on the link between cardiac surgery and ischemic optic neuropathy, the impact of varied cardiac physiologies on IOP among children undergoing cardiac surgery is yet to be evaluated.\[[@ref9]\] We thus sought to determine the IOP among children with varying cardiovascular physiologies and hemodynamics after heart surgery.

MATERIALS AND METHODS {#sec1-2}
=====================

Study patients {#sec2-1}
--------------

We performed a single-center, prospective, observational study in a 15-bed pediatric cardiovascular ICU at the Arkansas Children\'s Hospital during February 2013 to March 2014. The study population included children ≤18 years undergoing heart surgery for congenital heart disease. The following patients were excluded from the study: identifiable underlying genetic disorders, intracranial bleeds and/or with increased intracranial pressure (ICP), seizure disorders, gestational ages ≤34 weeks, retinopathy of prematurity, high frequency oscillatory ventilation, positive end-expiratory pressure (PEEP) ≥10, ECMO or ventricular assist devices at the time of IOP measurement, orthotopic heart transplantation, glaucoma, and under sedation or anesthesia with ketamine.

We collected demographic and anthropometric data as well as data related to the heart operation, risk adjustment for congenital heart surgery (RACHS),\[[@ref10]\] CPB time, and aortic cross-clamp time. We also collected data on the use of mechanical ventilation, presence of internal jugular central venous catheter, and hemodynamic data (such as heart rate, blood pressure, oxygen saturation, and respiratory rate) at the time of IOP measurement. The Institutional Review Board of the University of Arkansas for Medical Sciences approved the study. An informed consent and assent (if applicable) were obtained after cardiac surgery before measurement of IOP.

Methodology for intraocular pressure measurement {#sec2-2}
------------------------------------------------

IOP measurement was performed by Icare^®^ tonometer (Icare, Inc., Helsinki, Finland) from 3 to 14 days after heart operation. No anesthetic drops were used for IOP measurement. The Icare^®^ tonometer is easily portable, well tolerated, and yields reproducible results.\[[@ref11][@ref12]\] The Icare^®^ tonometer\'s disposable probe touches the cornea lightly for only a fraction of a second and the tonometer self-calibrates every time it is turned on.\[[@ref11][@ref12]\] The IOP was attempted one time in both eyes to obtain measurements. However, the measurements were repeated if the health-care provider performing the IOP measurement questioned the reliability due to position variability and cooperation of the patient. To minimize the interrater variability, IOP was measured by the same provider in all our study patients.

Statistical analysis {#sec2-3}
--------------------

Summary statistics (e.g., mean and standard deviation (SD) for continuous variables, frequency, and percentage for categorical variables) were estimated for all demographic, anthropometric, and clinical data. The frequency and incidence of patients who had elevated IOP after congenital heart surgery were calculated. The software packages used included R v. 2.15.0 (R Development Core Team, Vienna, Austria).

RESULTS {#sec1-3}
=======

A total of 116 eyes from 58 children were enrolled during the study. The mean and SD age of patients was 28.4 (45.8) months. Single-ventricle anatomy was present in 26 patients (45%). A majority of the study patients (85%) required CPB for their heart operation. The mean and SD CPB time for the study patients was 99.9 (53.4) min. Only 5 (9%) patients received mechanical ventilation at the time of IOP measurement. The internal jugular central venous line was present among 8 patients (14%) at IOP measurement. Based on the complexity of operations performed, the majority of the study patients (79%) underwent low complexity operations (RACHS-I Categories 1--3) \[[Table 1](#T1){ref-type="table"}\].

###### 

Patient characteristics
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The mean IOP for all patients was 12 (4) mm Hg in the right eye and 11 (4) mm Hg in the left eye \[[Table 2](#T2){ref-type="table"}\]. Despite similar heart rate and blood pressure, the mean IOP for patients with single-ventricle anatomy was significantly elevated as compared to patients with two-ventricle anatomy (single ventricle vs. two ventricle, 18 (6) mm Hg vs. 12 (3) mm Hg, *P* \< 0.001). The mean CVPs in patients with single-ventricle anatomy were higher than patients with two-ventricle anatomy (single ventricle vs. two ventricle, 17 (4) mm Hg vs. 8 (3) mm Hg, *P* \< 0.001). Oxygen saturations were significantly lower for patients with single-ventricle anatomy, as compared to those with two-ventricle anatomy (*P* \< 0.001). The mean IOP for patients with right ventricle dysfunction, such as those after tetralogy of Fallot repair, was 16 (5) mm Hg. There was no difference in the IOP measurements based on the complexity of operation performed. The mean IOP for patients undergoing low complexity operations (RACHS-I Categories 1--3) was 14 (4) mm Hg, compared to mean IOP of 15 (4) for high complexity operations (RACHS-I Categories 4--6).

###### 

Intraocular pressure measurements and hemodynamic parameters among the study patients
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[Table 3](#T3){ref-type="table"} depicts the patients with maximum IOPs in our study population. We noted that patients undergoing surgical palliation with central shunt, Fontan operation, bidirectional Glenn operation, Norwood operation, or definitive repairs such as for tetralogy of Fallot and AVC, were associated with highest IOPs in the study cohort. To note, none of these patients was receiving mechanical ventilation or inotropes at the time of IOP measurement. One patient after atrioventricular canal repair had an internal jugular central venous catheter in place at the time of IOP measurement. The patients with elevated IOPs had stable hemodynamics at the time of IOP measurement. [Figure 1](#F1){ref-type="fig"} depicts schematic representation of pathophysiological mechanism of elevated IOP after the bidirectional Glenn operation.

###### 

Study patients with maximum intraocular pressure
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![Schematic representation of pathophysiological mechanism of elevated intraocular pressure after bidirectional Glenn operation](APC-10-234-g004){#F1}

DISCUSSION {#sec1-4}
==========

This single-center study demonstrates that IOPs may vary with cardiovascular physiology after pediatric cardiac surgery. Our study demonstrates that certain cardiovascular physiologies, such as occur with single-ventricle anatomy and right ventricle dysfunction are prone to elevated IOPs after heart surgery. We also demonstrate that variation in IOP after heart operation is not dependent on the complexity of the heart operation performed.

The IOP of the eye is determined by the balance between the production of aqueous humor by the eye and the ease with which it exits the eye. The relationship between IOP, aqueous humor formation, and venous pressure is described by the formula IOP = F/C + EVP, where F is the aqueous humor formation rate, C is the outflow rate, and EVP is the episcleral venous pressure.\[[@ref13]\] EVP is an important factor that regulates IOP. Normal EVP is 8--10 mm Hg, but it can be raised by clinical entities that obstruct venous outflow such as obstruction of superior vena cava or superior vena cava syndrome, thyroid ophthalmopathy, retro-orbital tumors, cavernous sinus thrombosis, or orbital vein thrombosis.\[[@ref13][@ref14][@ref15][@ref16]\] Theoretically, factors such as tension pneumothorax, pleural effusion, cardiac tamponade, mechanical ventilation and PEEP, pulmonary hypertension, and pulmonary embolism are associated with elevated CVPs, thereby leading to elevated IOP.\[[@ref17]\] In addition, other conditions such as low cardiac output (e.g., in ventricular failure) results in elevated preload in the central venous circulation and elevated CVPs.\[[@ref17]\] In our study, only one patient with elevated IOP was mechanically ventilated at the time of IOP measurement. To the best of our knowledge, none of our study patients with elevated IOP had medical conditions such as pneumothorax, pleural effusion, or pulmonary embolus at the time of IOP measurement. However, it is possible that some of our patients with elevated IOPs had cardiac dysfunction after heart operation leading to elevated IOP.

In patients with single-ventricle anatomy, one adequately-sized functional ventricle (right or left) is available to pump blood into both systemic and pulmonary circulations. The blood flow in patients with single-ventricle anatomy depends on various factors such as flow across the atrial septum, myocardial contractility, systemic vascular resistance, pulmonary vascular resistance, atrioventricular valve regugitation, cardiac output, end-diastolic volume, rate of venous return, and/or obstruction to venous return.\[[@ref18][@ref19]\] Derangement of any of these factors in patients with single-ventricle anatomy can potentially lead to compromised venous return leading to elevated IOP. In certain single-ventricle physiologies, such as bidirectional Glenn circulation or Fontan circulation, pulmonary blood flow is passive and is dependent on rate of venous return. In these patients, compromised pulmonary circulation, hypervolemia, or ventricular dysfunction can lead to elevated CVP, that in turn, can lead to elevated IOP.\[[@ref20]\] In our study, patients with elevated IOPs were also associated with higher CVPs.

It has been suggested that IOP may be a surrogate measure of ICP.\[[@ref21][@ref22]\] Increased IOPs may cause engorgement of the orbital compartments through pressure-induced dilation of the episcleral veins, manifesting as increased IOP.\[[@ref21][@ref22]\] In a recent study, 76 concurrent ICP and IOP measurements in 27 patients in emergency medicine settings were correlated.\[[@ref21]\] All patients with an abnormal ICP had an abnormal IOP; similarly, all patients with a normal ICP had a normal IOP. The authors' concluded that an abnormal IOP, as measured with the handheld tonometer, is an excellent indicator of abnormal ICP.\[[@ref21]\] It is possible that patients with elevated IOPs in our study also had elevated ICP. However, this is just a speculation, as we do not have any definitive data on ICP in our study patients.

The results from this study are subject to the limitations of all observational analyses, including selection bias, residual confounding, and measurement by error. The small sample size and single-center study may limit the generalizability of our results. Another limitation is related to the heterogeneity of patient populations undergoing heart operation and differences in diagnoses that may affect the IOP measurements. Our study patients did not have objective measurements for cardiac output that could have provided a better insight into the pathophysiology of the increased IOP. Our study also lacked data on ICPs that precluded us from making any meaningful association between ICP and IOP after pediatric cardiac surgery. Our study also lacked follow-up among patients with elevated IOP. Our study lacked IOP measurements before cardiac surgery. It is possible that certain patient populations (such with single-ventricle anatomy, right ventricle dysfunction) had elevated IOP even before the cardiac surgery. Given the small number of patients with elevated IOP in our study, we could not perform multivariable models to study risk factors associated with elevated IOP in children undergoing heart operations.

The purpose of this study was to compare IOPs among varied cardiovascular physiologies after pediatric cardiac surgery with an attempt to tease out associations between varied cardiovascular physiologies and IOP measurement. Even though the IOPs for majority of the study patients fell within normal limits, the IOPs in certain cardiovascular physiologies were higher, as compared to patients with other physiologies. Given the limitations of our study, this study should be considered as hypothesis generating. Based on these results, we recommend obtaining a complete ophthalmologic examination (including posterior chamber, optic nerve, optic disc) among patients with potential for elevated IOPs, both before and after their heart operation. As there can be multiple factors associated with elevated IOP during acute illness, we recommend that care providers managing these patients provide timely evaluation and intervention (if needed). As increased IOP can result in optic nerve damage, close ophthalmology follow-up is needed among certain patient populations (such as patients with single-ventricle anatomy and patients with right ventricle dysfunction) even after hospital discharge until the IOP is normalized. In case of persistent elevation of IOP, a glaucoma specialist should evaluate these children.

CONCLUSIONS {#sec1-5}
===========

This study demonstrates that IOPs may be altered by varying cardiovascular physiology after congenital heart surgery. Certain cardiovascular physiologies, such as single-ventricle anatomy and right ventricle dysfunction are prone for higher IOP after heart operation, as compared to other physiologies, such as two-ventricle physiology. We recommend future studies with invasive hemodynamic monitoring to understand the pathophysiological mechanisms of elevated IOP after congenital heart surgery. We also recommend a future study with a larger number of patients in individual surgical categories to substantiate the results and determine the pathophysiological mechanisms responsible for altering the IOP in patients that undergo cardiac surgery.
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